In many ant species, caste differentiation stems from trophic differences at the larval 17 stage. It has been suggested that adult workers that feed larvae have great control over the 18 allocation of colony resources to growth (production of workers) versus reproduction (production of 19 queens). However, some studies have proposed that larval caste fate may also be constrained 20 very early on through direct genetic effects or non-genetic maternal effects. Here, we combined 21 isotopic and genetic analyses to study the developmental origin of queens and workers in a desert-22 dwelling ant, Cataglyphis tartessica. Queens do not found new colonies alone but rather disperse 23 with workers. Since the latter are always wingless, selection pressures on specific queen traits 24 such as flight ability have become relaxed. Interestingly, C. tartessica produces two types of small 25 queens: brachypterous (short-winged) queens and permanently apterous ergatoid (wingless and 26 worker-like) queens. Upon emergence, workers and ergatoids have similar δ15N isotopic values, 27 which were lower than those of brachypters, suggesting the latter are fed more protein as larvae.
.
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Trophogenesis is responsible for the different developmental fates of workers and queens 49 in many species (Emery 1896; Marchal 1898; Brian 1957; Wilson 1971; Michener 1974; Oster and 50 Wilson 1978; Wheeler 1986) . This suggests that diploid larvae are totipotent and only those given 51 special food become queens. By limiting protein intake, adult workers could castrate diploid larvae, 52 forcing them to develop into workers. This mechanism would grant great power to the workers, 53 allowing them to decide to allocate colony resources to growth (through the production of workers) 54 versus reproduction (through the production of queens). Trophogenic caste determination is well 55 known in the honeybee Apis mellifera, where only larvae receiving royal jelly develop into queens 56 (Seeley 2010; Kamakura 2011) . In ants, major differences in the isotopic values of queens versus 57 workers provides evidence for trophogenesis. For example, in Pogonomyrmex badius, young 58 unmated queens have much higher δ 15 N ratios than do workers, which suggests that the former 59 receive relatively more proteinaceous food (Smith et al 2008; Smith and Suarez 2010) . Similar 60 patterns have been found in two species of Aphaenogaster ants (Caut et al. 2013; Caut et al. 61 2014), as well as in a eusocial yellowjacket (Schmidt et al. 2012) . Nevertheless, these correlations 62 are to be taken carefully and cannot speak to causality. pupae emerge from their casings. The Petri dishes were monitored daily until all the cocoons had 120 emerged. Each new callow-whether worker, brachypter, or ergatoid-was preserved in 96% 121 alcohol until the isotopic and genetic analyses could be carried out. No food was provided to the 122 ants during the experiment, which means the isotopic values of the callows reflected their 123 nutritional experiences in the field.
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Isotopic analyses 125
Samples were dried at 60°C for 48 h, ground to a fine powder, weighed in tin capsules, and stored 126 in a desiccator. Isotopic analyses were performed using continuous flow isotope-ratio mass 127 spectrometry. More specifically, a Flash HT Plus elemental analyser was coupled with a Delta V
128
Advantage isotope ratio mass spectrometer via a ConFlo IV interface (Thermo Fisher Scientific,
129
Inc., Bremen, Germany). Isotope ratios are presented as δ values (‰), which are expressed 130 relative to the Vienna Peedee Belemnite (vPDB) standard and atmospheric N 2 for carbon and 131 nitrogen, respectively. Stable C and N isotope ratios (δ 13 C or δ 15 N) were found using the following 132 equation: [(R sample /R standard )-1] x 1000, where R is either 13 C/ 12 C or 15 N/ 14 N. The reference materials 133 used were IAEA-CH-6 (-10.4‰) and IAEA-N1 (+ 0.4‰) for δ 13 C and δ 15 N, respectively. One 134 hundred replicate assays of internal laboratory standards indicated maximum measurement errors 135 (SD) of ± 0.2‰ and ± 0.15‰ for stable carbon and nitrogen isotopes, respectively. The C/N ratio 136 was the total percentage of carbon divided by the total percentage of nitrogen.
137
DNA extraction and analysis 138
A total of 162 workers, 19 brachypters, and 17 ergatoids from 18 colonies were genotyped (mean= 139 9.0 workers per colony). DNA was extracted from the brain and the surrounding muscular tissue 140 using the HotShot method (Truett et al. 2000) ; it was then stored at -20ºC. Nine microsatellite 141 markers (Ccur11, Ccur51, Ccur60, Ccur61, Ccur63a, Ccur63b, Ccur89, Ccur99, and Ccur100) 
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Relatedness coefficients (r) were estimated using Relatedness (v. 5.0.8). All colonies were equally 163 weighted, and standard errors were obtained by jackknifing over colonies. Our approach was as 164 follows: First, we estimated mean relatedness among all the individuals within each colony (n=198 165 individuals across 18 colonies). Then, we estimated the mean relatedness among 45 workers and 166 17 ergatoids from a subset of seven colonies and among 32 workers and 19 brachypters from a 167 second subset of nine colonies. The number of queens and the number of their mating partners 168 were inferred using COLONY. Effective male paternity (M e,p ), which quantifies the relative 169 contribution of different males to offspring production, was calculated using equation 16 in Nielsen 170 (2003) . In addition, we estimated the probability that two males bear, by chance, exactly the same 171 combinations of alleles at all loci, as per Boomsma and Ratnieks (1996) . In colonies in which the 172 genotyping results suggested the occurrence of polyandry, we tested symmetry in patriline 173 distribution among castes using a chi-square test with Yates' correction for continuity.
Results
176
Isotopic analyses 177
The isotopic analyses revealed that δ 15 N values differed significantly among castes but not 178 between years (Table 1) . δ 13 C values, in contrast, were higher overall in 2014 than in 2010 but did 179 not differ among castes (Table 1 ). These differences remained significant even after the Holm-
180
Bonferroni correction was applied to control for the family-wise error rate. The significant effect of 181 caste on δ 15 N was due to workers and ergatoids having significantly lower δ 15 N values than 182 brachypters ( Fig. 2 ; t 76.1 =-5.04, p<0.0001 and t 80.9 =-4.17, p<0.0001, respectively). However, the 183 difference between ergatoids and workers was not significant (t 73.1 =-0.53, p=0.59). The C/N ratio 184 did not differ significantly among castes or between years (Table 1) .
185
Genetic analyses 186
The nine loci examined displayed between 2 and 15 alleles. Mean observed heterozygosity (Ho) 187 was 0.61 (range: 0.22-0.84), and mean expected heterozygosity (He) was 0.63 (range: 0.27-188 0.84). Genetic descriptive statistics are given in Table 2 . Only one locus (Ccur 61) was not at 189 Hardy-Weinberg equilibrium ( Table 2) . None of the 36 tests of linkage disequilibrium was 190 significant (a = 0.05). Mean within-colony genetic relatedness was 0.72 ± 0.03 (Table 3 ) and did 191 not differ significantly from the expected value of 0.75 (i.e., relatedness among full sisters in a 192 monogynous and monandrous colony; t-test: t = -1.0767, df = 17, p = 0.2967). Relatedness 193 between workers and ergatoids and between workers and brachypters was 0.79 ± 0.04 and 0.69 ± 194 0.06, respectively. Neither value was significantly different from 0.75 (t = 0.437, df = 8, p = 0.67 195 and t = -1.012, df = 6, p = 0.35, respectively).
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The COLONY analysis of individual genotypes supported the hypothesis of monogyny for 197 17 of the 18 colonies (Table 3) . However, the individuals collected from one colony (#100712B) 198 were most likely the daughters of two different queens. There was no evidence of polyandry in six 199 of the colonies. In the remaining colonies, the queens had likely been inseminated by two to three 200 males. On average, a colony's workers were inferred to have been sired by 1.79 ± 0.14 males.
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Mean effective paternity (M e,p ) was 1.55 ± 0.13. The probability of two males having the same genotype was very low (1.38 x 10 -5 ). Of the six colonies in which individual genotypes suggested 203 polyandry, the patrilines distributions did not differ significantly among castes (Fig. 3) .
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Discussion
206
The evolutionary transition from independent colony founding to fission is associated with the loss 207 of the ability to fly, queen miniaturisation, and a diminished degree of worker-queen dimorphism 208 (Heinze 1989; Tinaut and Ruano 1992; Peeters and Ito 2001) . However, the fact that two distinct 209 morphs of non-flying queens have evolved and co-occur raises some interesting questions. We 210 discovered that workers and ergatoids had similar δ 15 N values, which were lower than those of 211 brachypters. In contrast, there were no genetic differences among castes. Taken together, these 212 results suggest that polymorphism between brachypters on the one hand and ergatoids/workers on 213 the other hand has a nutritional determinism.
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The isotope data suggest that, compared to workers and ergatoids, brachypters receive 215 more protein or are better at assimilating it. These results fit with those found in previous studies of 216 other species, where the δ 15 N values of queens were higher than those of workers (Smith et al. 217 2008; Caut et al. 2013; Caut et al. 2014) . It is therefore likely that N limitations affect an individual's 218 general growth as well as the production of wings and the associated musculature. However, One hypothesis to explain the evolutionary origin of ergatoids is that their production allows 230 colonies to produce queens even when the scarcity of N-rich food items prevents the production of 231 brachypters. Though most Cataglyphis species are thought to be scavengers that forage on dead 232 insects (Cerdá et al. 1989; Wehner et al. 1992) , C. tartessica also retrieves large quantities of 233 flower petals (Cerdá et al. 1996) and frequently collects aphid honeydew (Fernando Amor, 234 unpublished). It is therefore possible that larvae that feed mostly on low proteinaceous food items 235 are more likely to become workers or ergatoids, while only those that receive animal prey become 236 brachypters. Ergatoids would therefore be a sort of second-chance queens, produced in case of 237 insufficient protein input. However, this strategy may seem paradoxical from the colony 238 perspective: if resources are limited, one may expect workers to reduce their allocation of 239 resources to individuals that will neither reproduce nor contribute to colony growth. This situation 240 therefore differs from that observed in other species in which unmated ergatoids do participate to 241 domestic tasks (Forder and Marsh 1989; Heinze et al. 1999; Molet et al. 2007) . One way to test the 242 impact of N-limitation on the production of ergatoids would be to raise colonies under various N 243 regimes and record colony-level caste allocation. Unfortunately, this manipulation is not easy in C.
244
tartessica which is relatively difficult to raise in laboratory conditions.
245
Another hypothesis is that ergatoids are selfish individuals that, though receiving a worker 246 diet, develop into queens in spite of the colony interest. Theory predicts that individual larvae may 247 expect to have greater direct fitness if they become queens rather than workers (Bourke and 248 Ratnieks 1999 , Ratnieks et al. 2006 . In species with marked worker-queen dimorphism, adult 249 workers may constrain a larva's developmental fate by limiting its protein intake. However, the 250 evolutionary transition to colony fission reduced the selective advantage of large queens, opening 251 the door for larvae to selfishly develop into small queens. Such a mechanism has been proposed Interestingly, there was no evidence of genetic caste determination in the microsatellite 259 data. The genotype patterns of all but one colony were reflective of monogyny, and the number of 260 patrilines was between one and two. As a consequence, workers, brachypters, and ergatoids were 261 full sisters and did not originate from different patrilines. A previous study in which a large number 262 of nests were excavated found that colonies were strictly monogynous and contained either a 
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In conclusion, nutrition is likely a major regulator of caste determination in ants and other 276 social insects. This fact gives workers coercive power over larvae-they can force larvae to become 277 workers, who must help the colony and forgo reproducing themselves (Ratnieks and Wenseleers 278 2008). However, in species that perform colony fission, where queens no longer need to fly, the door
279
has been left open for the evolution of selfish larvae. The overproduction of selfish queens may 280 constitute a serious cost in the evolutionary transition from independent colony founding to colony 281 fission. In some species this cost is limited because unmated ergatoids remain in the nest and adopt 282 a "worker" behaviour (Forder and Marsh 1989; Heinze et al. 1999; Molet et al. 2007 ). Yet, larval 283 development may still be constrained by non-genetic maternal effects, such as the amount of 284 vitellogenin provided to the egg, and by the interaction between early determination and subsocial effects (Linksvayer 2006; Villalta et al. 2016) . Further comparative studies are needed to understand 286 how all these complex factors ultimately generate different adult phenotypes. 
